The free radical polym erization o f the vapours o f vin yl chloride, acrylic nitrile, styrene, butadiene and m ethyl isopropenyl ketone has been investigated using m ethyl radicals from photo-decomposing acetone. Although all the reactions do not exhibit ideal behaviour it is possible by the application of kinetic m ethods to measure the ratio of the propagation to the term ination coefficients for these polym erization reactions. In this w ay relative values o f the quantitative tendency for a molecule to polymerize by a free radical mechanism can be computed.
An accurate measure of the tendency of a molecule to polymerize by way of a chain mechanism can only be gained by measuring the velocity coefficient for the inter action of the active polymer with the monomer. There may, however, be more than one type of active polymer, and therefore it will be necessary to specify its character when the appropriate coefficient is being computed. In a previous paper (Jones & Melville 1940 ) a method was suggested for making an approximate measurement of the magnitude of these bi-molecular coefficients for the vapour-phase polymeriza tion of methyl acrylate. The method, however, was too crude to enable any con clusion to be drawn regarding the variation of these coefficients with molecular size. This method is essentially based on a knowledge of the primary photochemical efficiency of the polymerization, th at is, the number of active monomers produced per quantum of absorbed light. If this quantity is not known the method becomes impracticable.
Many vinyl monomers, for example butadiene, acrylic nitrile and methyl isopro penyl ketone, do not exhibit direct photo-polymerization in the gas phase and hence the above-mentioned technique cannot be used. Under suitable conditions, for example, in aqueous emulsions, these molecules polymerize very readily, and it is therefore all the more necessary th at some quantitative measure of their tendency to polymerize should be established. As will be shown in this paper they can be induced to polymerize by adding to the system free methyl radicals. At present, however, it has not been possible to devise a method to enable the calculation of the velocity coefficient of the growth of the active polymer to be made. On the other hand, in principle it is easy to obtain the ratio of this coefficient to th at concerned in the ter mination of the growth of the polymer, namely, the combination of two free radicals. Pending the solution of the above-mentioned problem this ratio may be taken as a provisional measure of the tendency of the molecule to polymerize by the free radical mechanism. If later evidence indicates th at the velocity of combination of free radicals of the type involved in polymerization is independent of their chemical nature, then the ratio is a direct measure of the propagation coefficient. Suppose the reaction is initiated by free radicals from acetone at a rate equal to a /al)S, where 7abs is the rate at which the radiation is absorbed by the acetone and a is quantum efficiency for the production of radicals. If the polymer radicals combine with each other it can readily be shown as a first approximation th at the rate of polymerization is given by and the chain length v by
B = kp(aIHb!l)i (M)lkj,
where kp is the bi-molecular velocity coefficient for the growth of the polymer, Jct is the coefficient for the reaction of the radicals and (M) is the monomer con centration. It will be appreciated th at only the ratio kpfk\ may be determined. In order to get some information about the magnitude of this ratio a study has been made of the free radical sensitized reactions of butadiene, styrene, acrylic nitrile and methyl isopropenyl ketone.
E x p e r i m e n t a l
The apparatus used was identical to th at described in the previous paper. In using acetone as a source of free radicals a number of complications arise immedi ately, since the quantum yield for the decomposition of the acetone molecule is less than unity at temperatures below 75° C. This low coefficient may be due to the fact th a t excited acetone molecules may be deactivated without undergoing dissociation or it may be due to some recombination of the methyl and the acetyl radicals pro duced in the primary dissociation. The photo-chemistry of acetone has not yet been investigated in sufficient detail to permit of the calculation of the rate of production of acetyl and methyl radicals from the rate of absorption of radiation by the acetone molecule. The rate of production of carbon monoxide may, however, be used for this purpose, for it has been shown th at under the conditions used in these experi ments two free radicals are produced for each carbon monoxide molecule formed (Tuckett & Melville, unpublished experiments) . This fact was established in the following manner. In the free radical polymerization of vinyl acetate, which may be induced by hydrogen atoms or methyl radicals, it is possible to adjust conditions so that the rates of these two reactions are identical. It is comparatively easy to measure the rate at which hydrogen atoms are incorporated in the polymer. It also happens that the rate of production of carbon monoxide from acetone in the absence of vinyl acetate is equal to twice the rate of production of hydrogen atoms, from which it may at once be concluded that two radicals are produced for each carbon monoxide molecule formed. Under the present experimental conditions the rate of production of free radicals is proportional to the pressure of acetone, since carbon monoxide production is directly proportional to the pressure of acetone, up to pressures of 80 mm. at least, as is shown in table 1. Hence in any particular acetonesensitized polymerization the rate of production of chains will be proportional to the pressure of acetone, and if the intensity exponent is 0-5, i.e. the free polymer radicals mutually destroy each other, then the rate of polymerization should be proportional to the square root of the acetone pressure and to the first power of the monomer pressure, i.e. The results given in table 2 show th a t (a) the rate of polymerization is proportional to the square root of the acetone pressure for a constant pressure of butadiene for a constant intensity (figure 1); (6) the rate of polymerization tends to decrease slightly a t higher butadiene pressures. The first observation is in accordance with the expec tation and implies mutual reaction between the free radicals. The second result is, however, a little unexpected. Some additional observations on the rate of formation of carbon monoxide provide an explanation. The rate of carbon monoxide produc tion in the presence of butadiene is always less than th a t obtained from acetone alone as shown in columns 5 and 6 of table 2. W ith pure acetone it is known th at diacetyl is produced, presumably by the combination of free acetyl radicals initially formed by photo-dissociation. The majority of such radicals decompose to CH3 and CO, but apparently in the presence of butadiene the CH3CO radical may add on without dissociating further and only a fraction succeeds in breaking down to CH3 and CO. The chain lengths, th a t is, the number of butadiene molecules poly merized per CH3 radical produced, quoted in the last column are therefore calcu lated from the expected rate of production of carbon monoxide in the absence of butadiene. As a m atter of interest it may be mentioned th at the reduction in the carbon monoxide produced in the presence of monomer seems to be a characteristic of the polymerization of most vinyl monomers. The reciprocal of the rate of production of carbon monoxide turns out to be proportional to the butadiene pressure (figure 2). This observation can be quanti tatively accounted for by adopting the following mechanism. The concentration of the acetyl radicals (Ac) is defined by
where /?/abs is the rate of production of acetyl radicals per mm. of acetone, Ac) B is the rate a t which acetyl radicals combine with butadiene, Ac) is the rate of spontaneous dissociation, and &3(Ac)(A) is their rate of dissociation in collisions with acetone molecules. This leads to
which is in agreement with the experiment in so far as carbon monoxide production as a function of butadiene pressure is concerned. In the absence of butadiene it has been pointed out th a t carbon monoxide production is accurately proportional to the acetone pressure and consequently it may be concluded th at k2> k3(A). Further, if (B) is finite, similarly carbon monoxide production, though less than when (B) = 0, will also be proportional to acetone pressure. Figure 1 shows th at this result holds only approximately. The conclusion therefore is th at methyl or acetyl radicals lead to the free radical polymerization of butadiene and th at the value of kp/k ) = 1-5 x 10~5 when the pressure of butadiene is given in mm.
H y d r o g e n a t o m -c a t a l y s e d p o l y m e r i z a t i o n o f b u t a d i e n e
The results obtained in the hydrogen atom-sensitized reaction which are given in table 3 show quite conclusively th at this reaction, curiously enough, does not lead to true polymerization of the butadiene at all. In the first place the total rate of decrease of pressure which may be taken as a measure of the rate of polymerization is nearly proportional to the first power of the intensity of the light used to make the hydrogen atoms. This is to be contrasted with the square root dependence on in tensity obtained with methyl radicals. Furthermore, the apparent decrease in the pressure of butadiene is practically equal to that of the hydrogen used up. Therefore it is reasonable tc assume th at the butadiene is converted into a dimer by the action of the hydrogen atoms. The dimer, of course, is sufficiently volatile to contribute to the total pressure in the system. The simplest sequence of processes which may be put forward to explain these results is as follows: two of the butadiene radicals combining. In this way one molecule of hydrogen disappears for two molecules of butadiene which give rise to an octadiene. Again, it is noteworthy th a t in the first stages of the methyl radical-sensitized reaction an essentially similar process occurs, but apparently the initially produced free radical may combine with many more ordinary butadiene molecules without the growth coming to such a premature stop as occurs with hydrogen. This would seem to imply th at the two free radicals CH2= C H -CH2-CH2 and CH2= C H . CH(CH3)-CH2 possess very different reactivities towards butadiene molecules. The surprising fact is th at it is the first radical th a t is apparently the less reactive towards butadiene in this respect. I t is unnecessary to work out the quantitative aspects of this mechanism, since the hydrogen atoms are removed from the system by a reaction of the first order with respect to the concentration, and hence the total rate of reaction in evitably must be proportional to the first power of the radiation intensity. Further evidence th at butadiene can be polymerized by free radicals has been obtained by interpolymerizing this substance with methyl vinyl ketone. As has been shown in the previous paper, methyl vinyl ketone polymerizes by a free radical mechanism and the free radicals were used to interpolymerize methyl vinyl ketone and butadiene. Prolonged runs with butadiene-methyl vinyl ketone mixtures were carried out with a view to finding if any butadiene was being used up in this manner.
Run H14 (table 4) , starting with 31 mm. methyl vinyl ketone and 24 mm. of butadiene, is typical of the few runs carried out; while run H 16, carried out with an initial pressure of 31 mm. of methyl vinyl ketone alone, serves as a comparison. Both polymerizations start off at equal rates of about 0-6 mm./min., but the direct polymerization is seen to fall off quicker with decreasing pressure than the poly merization in the presence of butadiene. This points to the fact th a t butadiene is used up, thus leaving more methyl vinyl ketone to maintain the rate. The rate at B after about 16 mm. of mixture had polymerized was about 0 29 mm./min., while the rate at E after about 10 mm. of methyl vinyl ketone had polymerized was 0-20 mm. /min., showing how the normal polymerization has fallen off in comparison with th a t in presence of butadiene.
Further evidence th a t butadiene was used up was obtained by fractional distilla tion of the mixture before and after illumination. First the mixture was all con densed in the side tube of the analyser described elsewhere, by means of liquid air, before illumination. Liquid air was then applied to the reaction system and then solid carbon dioxide-acetone mixture to the analyser side tube. In this way mainly butadiene was fractionally distilled at -80° C into the reaction system where the pressure of the distillate at intervals of a few minutes was read. The same procedure was repeated with the mixture left at the end of a prolonged illumination, and it was found in every case th at less distillate could now be obtained than was obtained before illumination, indicating of course th at the difference, or a quantity propor tional to the difference, had been used up. Table 4 gives the results obtained in this way.
Except for run K 9 it is seen th at approximately one butadiene molecule is used up every three or four molecules of methyl vinyl ketone. If this meant th at each butadiene molecule used up stopped a chain then the chain length would be ex tremely small and only of the order of three or four. However, since the rate of methyl vinyl ketone polymerization is maintained in presence of butadiene this probably means th at true interpolymerization with butadiene takes place, the final polymer having a structure of the branched type similar to th a t of methyl vinyl ketone polymer, e.g.
M-M-M--B-M-M-B-M-M-M-M-M-B-M-B-M-M-
M being methyl vinyl ketone and B butadiene units.
To obtain some comparison of the rate of acetone-sensitized butadiene poly merization and of the polymerization of methyl vinyl ketone in presence of buta diene, the runs in table 5 were carried out consecutively. These results further show that since the rate of iree radical production is approxi mately the same for acetone and methyl vinyl ketone, the increased rate of butadiene disappearance in the presence of methyl vinyl ketone is probably due to the presence of additional centres produced by branching.
P olymerization of vinyl chloride
Vinyl chloride is very difficult to induce to polymerize in the gas phase, and the following two runs show the order of magnitude of the chain length calculated from the observed small rate of polymerization and the rate of production of free radicals. 
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T h e d i r e c t p h o t o p o l y m e r i z a t i o n o p v i n y l c h l o r i d e
Although vinyl chloride is transparent to light of wave-lengths 2500 A, on ex posure to the ligh t emitted from a zinc spark which contains a strong group of lines at about 2100 A polymerization takes place.
This polymerization again is not fast, and pressures of the order of 600 mm. must be used so as to get a measurable reaction. That polymerization does take place, however, is made evident by the formation of a cloud of polymer which soon settles on the sides of the reaction cell, and owing to its non-transparency begins to absorb the active radiation. I t was found th at the heat from the zinc spark produced tem perature changes in the reaction system, while the reaction cell could not be thermostated in water since the latter completely absorbed the effective radiation. The exposures had thus to be carried out with the reaction vessel in air, and at the end of the run the vessel had to be cooled down to a suitable temperature and the decrease in pressure noted. This rather laborious method prevented any accurate kinetic measurements being made. Figure 4 is a diagram of the apparatus. This consists of two parts: (a) the reaction system proper consisting of the reaction cell B with its associated liquid air trap and manometer, and (6) an ammonia photometer consisting of the quartz cell A immediately in front of B, together with the associated Pirani gauge and liquid air trap. Figure 5 shows the housing of the 3000 W zinc spark. An alternating current of 6000 Y was applied across the two zinc poles and P' in the form of cylindrical zinc rods about 10 or 12 mm. in diameter. The poles were contained in the doublewalled box B, well lagged with asbestos fibre, one wall of which was fitted with the quartz window Q directly opposite the spark gap. The opposite wall could be removed for the inspection and removal of the poles, etc., and the diagram shows this wall removed. The length of the spark gap could be adjusted by rotating the threaded brass pole holders H and H' in their brass sockets S and S' by means of the ebonite knobs E and E '. A jet of air could be blown on to the spark in order to cool it by means of the jet J. A more constant output from the spark could be obtained in this w The chimney C served to carry off the zinc oxide-laden smoke from the spark. The 6000 V a.c. "was applied to the terminals T and T' and thence to the pole holders H and H' by wires W and W' connected to the sockets 8 and S'.
The light from the zinc spark is allowed to jjass through a small pressure of ammonia in A (figure 4) and then to pass into the vessel B where the polymerization takes place. The light partly decomposes the ammonia, and by measuring the amount of non-condensable gas formed the amount of fight leaving A can be calculated and finally the amount of fight entering B can be ascertained. Farkas & Harteck (1934) and Wiig (193 5) , give the figures necessary for these calculations. In this way the fight is integrated over a period of time. The polymerization th a t has taken place is obtained by finding the decrease in pressure* as given by the manometer-barometer arrangement shown. An estimate of the quantum yield can thus be made.
The results are given in table 7.
* B efore all pressure read in gs th e rea ctio n sy s te m w a s im m ersed in a w a ter th e r m o sta t u n til eq u ilib riu m w a s a tta in e d . Although no quantitative law can be deduced from these results it is apparent th a t the quantum yield is very small and probably proportional to pressure. The appearance of a cloud of polymer indicates th at the chain length is very large, much more than the quantum yield would indicate, which means therefore th at the efficiency of the primary photochemical reaction for the starting of chains is very sma^l.
Styrene
Styrene has a small vapour pressure of about 10 mm. at room temperature. Illumination of 8 mm. for 130 min. at 35° C produced no polymerization and only the slightest trace of non-condensable gas. When 8 mm. were mixed with 50 mm. acetone a rate of about 0-014 mm./min. was obtained corresponding to a chain length of about 3.
Methyl isopT ropenyl ketone
Methyl isopropenyl ketone does not polymerize with light of wave-length greater than 2500 A but decomposes to carbon monoxide and a residue. Methyl radicals from acetone, on the other hand, induce it to polymerize. The results a t two tem peratures are given in table 8. Separate experiments, not recorded, showed th at the rate of polymerization is proportional to the 0-6 power of the intensity of the incident light. Owing to the small saturation pressure of the ketone it is difficult to measure exactly how the rate varies with pressure except to say th at it does increase with monomer pressure. Temperature does not seem to have any marked effect on the chain length, and it is of interest to note th at the average value of the chain length of the polymer produced at 60° C was about 20, in approximate agreement with the chain-length figures calculated from the data given in table 8. The results  in table 8 show th at the carbon monoxide production is less than th at expected from the decomposition of the acetone and the methyl isopropenyl ketone, once^more indicating th at acetyl radicals can react with methyl isopropenyl ketone without eliminating carbon monoxide. The mechanism involved in the production of carbon monoxide from methyl isopropenyl ketone is rather peculiar. Table 9 gives results which when completed show th at the rate of carbon monoxide production per mm. of methyl isopropenyl ketone is inversely proportional to the first power of the pressure of the ketone over the range investigated. These observations imply th at the following kind of mech anism is involved in the dissociation. Let ( K') be the concentration of excited ketone molecules which are deactivated at a rate U K ') ( K) and k2(K') respectively by collision and by s energy. Thus
Iabs is the rate of production of activated molecules per mm. of ketone, the rate of carbon monoxide production is k2(K') and therefore
which is in accord with the facts. The methyl isopropenyl ketone molecules must decompose thus CH2=C(CH3) COCH3 -> CH2= C(CH3)2 + CO, without producing any appreciable number of free radicals. This explains the fact th at there is no appreciable polymerization of the methyl isopropenyl ketone when it is illuminated.
Some experiments were made with hydrogen atoms, but as with butadiene there is no production of polymer of a chain length corresponding to th at obtained with methyl radicals. As the results in table 10 show the rate is proportional to the intensity of the light and the decrease in hydrogen pressure is accompanied by a somewhat larger decrease in pressure of the vapour condensable in liquid air. This points not to hydrogenation of the monomer but to the creation of free radicals which unite with each other to give di-ketones.
run The absorption of acrylic nitrile in w-hexane is shown in figure 6 . Using wave lengths greater than 2500 A and pressures up to 50 mm. a t 20° C only small rates of polymerization are obtained, for example, 1-5 x 10~2 mm./min. The light absorbed at th a t wave-length, however, is very small, and hence it is not surprising the rate of polymerization is correspondingly small. As a consequence it is possible to study the acetone-sensitized reaction with comparative ease. 2300 2400 2600 2600 3000 3200
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The acetone sensitized reaction is reproducible and has the characteristics of a free radical mechanism in th a t the rate has an intensity exponent of nearly 0-5, varies as the square root of the acetone pressure, and as the first power of the acrylic nitrile pressure. Tables 11 and 12 The results are plotted in figures 7 and 8. Since acrylic nitrile itself exhibits a small rate of polymerization this had to be subtracted from the corrected total rate so as to get the acetone-sensitized rate. In figure 7 this rate is plotted against the square root of the acetone pressure and a fair straight line may be drawn through the points, runs 0, 25-0,31.
Runs 0,33, 34 and 37 give the variation of the acetone sensitized rate with acrylic nitrile pressure and the results are plotted in figure 8. Here again a linear relationship best represents the results. The estimated chain length as calculated by the rate of free radical production estimated from the rate of carbon monoxide production is given in column 7. As columns 8 and 9 show the carbon monoxide produced with the mixtures was less than th at expected if acetone had been alone.
Ca l c u l a t i o n o f kp/ki f
Some estimate of the ratio kpjk\can now be made using th seen from the equation for the rate of a free radical reaction given at the beginning of this paper th at kp _ R k\ <jf >(«/«»)»• A typical rate for a monomer pressure of as near 30 mm. as possible was therefore taken from the above results for each monomer, while the rate of starting of chains -4 b s -was given by the rate of free radical production produced with a pressure of as near 30 mm. as possible of acetone in order th at a fairly reliable comparison could be made. If the pressure of monomer be expressed in moles/litre and the rates in moles/litre/sec., then values of kpjk\ for each substance can be obtained. The results are given in table 13. It must be remembered that these relative values hold for the free radical poly merization of these substances and they give no indication of the velocity of thermal polymerization.
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